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Eastern TibetOre-bearing porphyritic rocks are widely distributed in the Zhongdian arc in the southern part of the Yidun arc,
eastern Tibet. New U–Pb zircon dates, and previous results, show that the porphyritic rocks formed mainly be-
tween 221 and 211 Ma, with a peak at 217–215 Ma. These Late Triassic porphyritic rocks and associated volcanic
rocks are primarily calc-alkaline igneous rocks, some of which have geochemical afﬁnities with adakite, such as
high SiO2 (≥56 wt.%), Al2O3 (≥14 wt.%), and Sr, and low Y and heavy rare earth element contents. However,
moderate Sr/Y and La/Yb ratios of these rocks compared with typical adakites characterize them as being transi-
tional between adakites and normal arc rocks. Those rocks that do not have adakitic afﬁnities are typical normal
arc volcanic rocks. The porphyritic and associated volcanic rocks occur in the eastern and western parts of the
Zhongdian arc, and both have the same geochemical characteristics and ages. The new dates, geochemical
data, and Sr–Nd isotopic ratios, combined with previous data on the Zhongdian arc (particularly the Xiaxiaoliu
basalt that has enriched mid-ocean ridge basalt characteristics), suggest that these rocks are probably related
to slab break-off or slab-tearing of the westward subducting Garze–Litang oceanic crust in the Late Triassic.
The enriched mantle wedge metasomatized by subducted ﬂuids and sediments was heated by ascending
asthenosphere and underwent partial melting. These magmas then probably interacted with underplated
maﬁc material and experienced a melting–assimilation–storage–homogenization process (MASH) in the lower
crust and/or with slab-derived melts, resulting in formation of the porphyritic rocks and associated porphyry
deposits in the Late Triassic Zhongdian arc.
© 2013 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.1. Introduction
The vast Tethyan orogenic belt extends for over 18,000 km from the
westernMediterranean to eastern Tibet and Indochina (e.g., Allegre et al.,
1984; Sengor, 1987; Tommasini et al., 2011; Richards et al., 2012). The
complex evolutionary history of this orogenic belt is not yet well under-
stood (e.g., Boulin, 1991; Sorkhabi and Heydari, 2008; Tommasini et al.,
2011; Lu et al., 2012; Zhang and Santosh, 2012; Goldfarb et al., 2013;
Lai et al., 2013a,b; Zheng et al., 2013; Zhu et al., 2013). Intrusive and vol-
canic rocks are widely distributed in the belt, and are often accompanied
by a diverse range ofmineral deposits, including porphyry Cu and Cu–Au
(e.g., Hou et al., 2004, 2007, 2009, 2011; Li et al., 2011; Xia et al., 2011; Lu
et al., 2012; Richards et al., 2012; Goldfarb et al., 2013; Kamvong et al.,
2013; Wang et al., 2013). In eastern Tibet, there were two main periods
of porphyry Cu mineralization: Late Triassic (e.g., the Pulang porphyryesis and metallogenesis in the
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ociation for Gondwana Research. PubCu deposit), corresponding to the closure of the Paleo-Tethys Ocean;
and Early Tertiary (e.g., the Yulong porphyry Cu deposit), corresponding
to continental collision.
The widespread and small Late Triassic porphyry Cu deposits that are
mainly distributed in the Zhongdian arc, in the southern part of the Yidun
arc, are surrounded by numerous granitic intrusions with arc-like afﬁni-
ties (Zeng et al., 1999, 2003, 2004; Hou et al., 2007; B.Q. Wang et al.,
2011; Li et al., 2011; Ren et al., 2011; Huang et al., 2012) (Fig. 1). Previous
studies have shown that the host porphyries have adakitic afﬁnities and
are mainly Late Triassic in age (e.g., Zeng et al., 1999, 2006; Fan and Li,
2006; Li, 2007; Cao et al., 2009; B.Q. Wang et al., 2011; Ren et al., 2011;
Huang et al., 2012). However, the age and mechanism(s) of formation
of the porphyries and associated porphyry deposits are still subjects of de-
bate. Zeng et al. (1999, 2006) and Li et al. (2011) considered that the
magmatismandassociateddeposits canbe divided into eastern andwest-
ern belts, based on the ages of the porphyritic intrusions, and that they
resulted from early westward subduction and a later eastward
retracement of the Garze–Litang oceanic crust, respectively. Recently, Q.
Wang et al. (2011) suggested that the porphyritic intrusions andlished by Elsevier B.V. All rights reserved.
Fig. 1. a) and b)Geologicalmapof theYidunblock; c) Geologicalmapof theZhongdian arc region. JS, Jinsha suture; GLS,Garze–Litang suture; BNS, Bangong–Nujiang suture; IYS, Indus–Yalu
sutures; F. Geza, Xiangcheng–Geza Fault.
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~215 Ma, and resulted from low-angle subduction and subsequent slab
break-off of thewestward subductingGarze–Litangoceanic crust.However,
Renet al. (2011)proposed that themagmatismandassociatedporphyryCu
deposits in the Zhongdian arc are the products of the same tectonic event.In the light of these different hypotheses, further studies of the age and pet-
rogenesis of the porphyritic rocks are required to understand the timing
and formation of the porphyry Cu deposits. Herein, we present new U–Pb
zircon dates, whole-rock major and trace element data, and Sr–Nd isotope
data for the porphyry intrusive and associated volcanic rocks. These
494 J.-L. Chen et al. / Gondwana Research 26 (2014) 492–504new data, combined with previous results, indicate that the porphyritic
rocks aremainly Late Triassic in age (217–215 Ma), and resulted from par-
tial melting of a metasomatizedmantle wedge, which are triggered by slab
break-off or slab-tearing of the westward subducting Garze–Litang oceanic
crust.
2. Geological background
The Tibetan Plateau is a tectonic collage of microcontinental blocks
(terranes) and island arcs, speciﬁcally the east–west trending Songpan–
Ganzi, Qiangtang, and Lhasa blocks, and the north–south trending
Yidun block (Fig. 1a and b; Dewey et al., 1988; Hou, 1993; Hou and
Mo, 1993; Yin and Harrison, 2000; Rogers and Santosh, 2003; Zhang
and Santosh, 2012; Zheng et al., 2013; Zhu et al., 2013). The Yidun
block is bound by the Garze–Litang suture to the east and the Jinsha
suture to the west, and these sutures separate the Yidun block from
the Songpan–Ganzi arc and Yangtze Craton in the east, and from the
Qiangtang block in the west (Mo et al., 1993; Chang, 2000; Wang
et al., 2000; Zhong, 2000; Roger et al., 2010; Wang et al., 2013) (Fig. 1b
and c). It is generally accepted that the Jinsha suture formed in the
Early–Middle Triassic (e.g., Wang et al., 2000; Reid et al., 2005) and
that the Garze–Litang suture formed at the end of the Triassic (Chen
et al., 1987; Hou et al., 2004).
The Yidun block is divided into eastern and western parts by the
north–south trending Xiangcheng–Geza Fault, and the western and
eastern parts are known as the Zhongza massif and the Yidun arc, re-
spectively. The Yidun arc formed at the western margin of the Yangtze
Craton during the westward subduction of the Garze–Litang ocean
basin, and is dominated byUpper Triassic volcanic–sedimentary succes-
sions comprising ﬂysch and maﬁc–silicic arc volcanic rocks (BGMRSP,
1991; Hou, 1993; Hou et al., 2003; B.Q. Wang et al., 2011; Li et al.,
2011). The northern part of the Yidun arc was under tension due to
the steep subduction angle, whereas its southern part was under com-
pression due to the low subduction angle (Hou et al., 2003, 2004; Li
et al., 2011). The ages of subduction-related volcanic rocks in the
Yidun arc range from 238 to 210 Ma (e.g., Hou et al., 2003, 2004; Pan
et al., 2003; B.Q. Wang et al., 2011; Li et al., 2011). The Zhongdian arc
is located in the southern part of the eastern Yidun arc (Fig. 1c). In this
region, the exposed upper Triassic strata are dominated at their base
by clastic rocks that are interlayered with carbonates and siliceous
rocks, and at their top by volcanic rocks interlayered with sandstone,
limestone, and slate (BGMRYP, 1990; Yang et al., 2002; Hou et al.,
2004, 2007). The volcanic rocks are mainly calc-alkaline andesites, ba-
salts, and dacites that are interlayered in the Qugasi (T3q) and Tumugou
(T3t) groups. A series of Late Triassic porphyritic intrusions, dominated
by quartz diorites and quartz monzonites, is associated with andesite
rocks (e.g., Yang et al., 2002; Hou et al., 2004, 2007; B.Q. Wang et al.,
2011; Li et al., 2011).
The quartz diorite and quartz monzonite samples collected for this
study come fromPulang, Xuejipin, Chundou, and Lannitang, and the an-
desite was sampled from Hongshan (Fig. 1c). The quartz diorites and
quartz monzonites are typically porphyritic, with euhedral–subhedral
phenocrysts of plagioclase, amphibole, biotite, K-feldspar, and quartz.
Phenocrysts comprise 10 to 50 vol.% of the rocks and are set in a matrix
composed mainly of feldspar and quartz (e.g., Hou et al., 2004, 2007;
B.Q.Wang et al., 2011; Li et al., 2011). Accessoryminerals include zircon,
apatite, magnetite, and titanite. Andesite from the Hongshan area also
has a porphyritic texturewith phenocrysts of plagioclase, amphibole, bi-
otite, and quartz (B.Q.Wang et al., 2011; Ren et al., 2011) set in amatrix
dominated by feldspar and quartz (e.g., Hou et al., 2004, 2007; B.Q.
Wang et al., 2011; Li et al., 2011).
3. Analytical methods
All samples were cleaned of weathered surfaces prior to being
powdered in an agate ring mill in preparation for zircon dating andanalyses of major and trace elements, and Sr–Nd isotopes at the
State Key Laboratory of Isotope Geochemistry, Guangzhou Institute
of Geochemistry, Chinese Academy of Sciences (GIGCAS), Guangzhou,
China.
The abundances ofmajor-elements in bulk-rock sampleswere deter-
mined on glass disks using an X-ray ﬂuorescence spectrometer (XRF),
following the procedures described by Goto and Tatsumi (1996). The
precision formajor elements is generally better than 5%. Trace elements,
including the rare earth elements (REEs), were analyzed using induc-
tively coupled plasma-mass spectrometry (ICP-MS), following the pro-
cedures described by Chen et al. (2010), and the analytical precision
for most elements is better than 5%.
Sr andNd isotopic compositionswere determinedusing aMicromass
Isoprobe multicollector-inductively coupled plasma-mass spectrometer
(MC-ICP-MS). Analytical procedures followed those described in Wei
et al. (2002), Li et al. (2004), and Chen et al. (2010). The 87Sr/86Sr ratio
of the standard NBS987 and the 143Nd/144Nd ratio of the standard
JNdi-1were 0.710288 ± 28 (2σ) and0.512109 ± 12 (2σ), respectively.
All measured Sr and Nd ratios were corrected for fractionation to
86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively.
Zircons for LA-ICP-MS U–Pb datingwere extracted from the samples
using conventional heavy liquid and magnetic techniques, and the
crystals were individually selected by hand-picking under a binocular
microscope. They were mounted in epoxy resin and polished for subse-
quent cathodoluminescence (CL) observations and LA-ICP-MS analysis.
U–Pb analyses of zircons from the Pulang, Xuejipin, Chundou, and
Lanlitang areas were performed on the LA-ICP-MS. Analytical proce-
dures followed those described by Liang et al. (2009) and Tu et al.
(2011).4. Analytical results
4.1. Zircon U–Pb ages
The dated zircons were from eight samples of the intrusive and vol-
canic rocks from the Zhongdian arc (Appendix 1; Fig. 1c). Most of the
analyzed zircon grains are euhedral and colorless. In the CL images
they exhibit oscillatory zoning, and they have high ratios of Th/U
(N0.5) (Appendix 1), all of which indicates a magmatic origin (Fig. 2).
Samples 09PL-01, 09PL-03, and 09PL-06 were collected from the
quartz diorite intrusion in the Pulang area. From these 3 samples, 16,
30, and 30 analyzed grains yielded 206Pb/238U ages ranging from
204.6 ± 5.0 to 218.5 ± 5.3 Ma, from 210.1 ± 2.7 to 226.9 ± 3.2 Ma,
and from 211.6 ± 4.2 to 218.1 ± 3.8 Ma (Appendix 1), respectively.
The weighted mean 206Pb/238U ages are 211.8 ± 1.9 Ma (MSWD =
1.10), 217.2 ± 1.4 Ma (MSDW = 1.143), and 215.3 ± 1.4 Ma
(MSDW = 0.114) (Fig. 2a, b, c), respectively.
Sample XJPA was collected from the quartz monzonite intrusion in
the Xuejiping area. Analyses of 28 zircons yielded 206Pb/238U ages rang-
ing from 209.9 ± 3.3 to 220.9 ± 4.7 Ma (Appendix 1) with a weighted
mean age of 215.9 ± 1.4 Ma (MSWD = 0.64) (Fig. 2d).
Samples CD3 and CD4were collected from the quartzmonzonite in-
trusion in the Chundou area. Analyses of 16 and 27 zircons from these
two specimens yielded 206Pb/238U ages ranging from 208.4 ± 3.8 to
224.9 ± 4.1 Ma and 207.5 ± 3.6 to 217.0 ± 3.4 Ma (Appendix 1),
with weighted mean ages of 215.3 ± 2.7 Ma (MSWD = 1.30) and
213.1 ± 1.5 Ma (MSWD = 0.34) (Fig. 2e, f), respectively.
Sample LNTY was collected from the quartz monzonite intrusion in
the Lannitang area. Analyses of 25 zircons yielded 206Pb/238U ages rang-
ing from 211.3 ± 2.7 to 222.2 ± 2.9 Ma (Appendix 1) with a weighted
mean age of 216.7 ± 1.2 Ma (MSWD = 0.78) (Fig. 2g).
Sample HSB was collected from the volcanic rocks in the Hongshan
area. Analyses of 31 zircons yielded 206Pb/238U ages ranging from
195.4 ± 7.5 to 227.2 ± 12.0 Ma (Appendix 1) with a weighted mean
age of 213.4 ± 1.5 Ma (MSWD = 0.34) (Fig. 2h).
Fig. 2.U–Pb concordia diagrams for: a), b), and c) quartz diorites in the Pulang area; d) quartzmonzonites in theXuejiping area; e) and f) quartzmonzonites in theChundou area; g) quartz
monzonites in the Lannitang area; and h) andesites in the Hongshan area.
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The major and trace element data are listed in Table 1. The samples
had variable LOIs (loss on ignition) reﬂecting variable H2O + CO2
contents (0.88–5.95 wt.%) that probably resulted fromdiffering degrees
of alteration. Their Na2O, CaO, and large ion lithophile element (LILE)
(e.g., Ba) contents increase with increasing LOI (H2O + CO2), indicating
that these contents have been changed during alteration of the rocks.
87Sr/86Sr ratios exhibit no obvious trend with increasing LOI. Therefore,
in this study we used only the immobile elements (e.g., high ﬁeldstrength elements (HFSEs) and REEs), transitional elements, and Nd
isotopic compositions for rock classiﬁcation and discussion of the tec-
tonic setting and petrogenesis of the analyzed rocks. Sr contents and
Sr isotope compositions were also considered.
Themajor and trace element data obtained for the porphyritic intru-
sive and volcanic rocks, as well as previously published data for the
Zhongdian arc, fall mainly in the ﬁelds of andesite and dacite (except
for one sample that plotted in the ﬁeld of alkaline basalt) on a plot of
SiO2 (wt.%) vs. Zr/TiO2 (Fig. 3). In the Harker diagrams of selected
major oxides and trace elements (Figs. 4, 5), TiO2, Fe2O3, P2O5, Cr, and
Table 1
Major (wt.%) and trace element (ppm) concentrations for Zhongdian arc zone porphyry intrusions and volcanic rocks.
Sample CD-1 LNTA LNTB LNT-Y XJPA HSB HST01 HST03 HST04 PL-01 PL-03 PL-06
Location Chundou Lannitang Xuejiping Hongshan Pulang
SiO2 64.12 58.59 51.61 64.60 67.73 58.39 56.80 58.90 61.07 56.95 63.10 65.85
TiO2 0.80 1.36 1.52 0.64 0.74 0.84 0.77 0.73 0.80 0.53 0.75 0.61
Al2O3 14.59 14.94 18.57 16.69 15.40 16.82 16.10 15.24 17.32 14.29 14.80 12.53
Fe2O3 4.26 7.32 9.46 5.79 3.96 5.13 6.43 5.12 5.07 5.22 3.49 3.34
MnO 0.06 0.09 0.10 0.01 0.02 0.05 0.05 0.08 0.02 0.07 0.05 0.02
MgO 1.60 2.68 4.08 1.92 1.85 1.95 1.82 1.94 1.35 7.24 3.74 2.43
CaO 2.26 4.52 5.04 0.34 0.24 3.47 4.23 4.65 2.67 5.59 5.78 0.82
Na2O 3.96 4.02 5.84 4.08 3.85 4.74 4.89 3.86 3.43 3.45 4.25 5.56
K2O 3.69 2.34 0.19 3.00 3.58 2.61 2.57 2.84 3.67 1.88 2.20 6.89
P2O5 0.24 0.22 0.31 0.18 0.16 0.42 0.41 0.37 0.49 0.12 0.38 0.28
LOI 3.97 3.45 2.75 2.20 1.98 5.25 5.57 5.95 3.61 4.34 0.88 1.11
Total 99.56 99.52 99.47 99.46 99.51 99.66 99.65 99.69 99.50 99.68 99.41 99.44
Mg# 43 42 46 40 48 43 36 43 35 74 68 59
Sc 8.0 19.2 15.9 8.3 10.4 15.3 15.6 13.9 15.3 20.5 18.9 13.4
V 113 201 236 136 116 183 166 150 135 110 154 109
Cr 94.6 17.1 14.9 60.2 79.3 53.6 87.3 81.5 87.6 293 56.8 39.9
Co 10.3 17.1 20.8 4.40 10.3 9.24 10.1 14.8 8.97 44.5 39.5 9.27
Ni 12.3 16.8 14.8 6.737 12.0 17.6 19.4 22.5 15.7 150 20.7 14.2
Cu 78.8 91.8 46.1 538 292 18.2 34.3 10.6 36.8 29.3 47.1 4995
Ga 17.2 17.3 24.9 19.2 17.9 19.5 18.6 17.9 18.8 14.2 15.6 18.1
Ge 1.39 1.34 2.56 1.73 1.25 1.09 0.90 1.11 1.14 1.23 2.14 1.45
Cs 11.7 5.37 1.50 4.17 2.97 2.72 3.12 2.97 3.61 3.66 1.43 9.56
Rb 109 53.2 3.26 56.8 87.6 52.8 57.0 60.5 82.8 65.5 59.4 249
Ba 1932 2082 1264 1216 1434 2250 2227 2422 2797 685 1346 1347
Sr 293 1115 2410 214 392 1301 1456 1795 1677 877 1043 396
Th 21.3 12.5 19.7 23.6 21.9 17.3 19.3 17.5 19.2 3.9 14.8 18.4
U 4.58 3.03 4.25 2.12 3.08 4.48 4.02 4.05 3.58 1.24 3.27 4.88
Pb 181 24.4 49.9 9.09 13.6 16.4 17.0 49.2 8.65 22.6 7.06 12.3
Nb 21.4 17.9 28.3 13.0 15.5 16.3 15.0 14.3 15.3 2.8 11.4 12.2
Ta 1.29 1.21 1.79 0.93 1.30 1.05 0.95 0.88 0.97 0.26 0.94 1.09
Zr 177 199 279 164 156 185 176 169 184 86 177 183
Hf 4.71 5.08 6.73 4.66 4.74 5.15 4.87 4.49 5.08 2.19 4.86 5.57
La 47.7 48.8 90.1 42.2 49.1 63.0 67.0 59.6 64.7 11.8 33.2 15.6
Ce 80.3 88.3 155 71.9 84.3 111 122 107 115 25.1 68.2 29.8
Pr 8.61 9.82 16.7 7.65 9.08 12.6 13.4 11.8 12.5 3.25 8.29 3.64
Nd 30.6 33.8 56.3 26.7 30.8 43.7 45.9 39.6 42.3 12.1 31.5 13.9
Sm 4.63 5.86 9.24 4.70 5.19 7.08 7.48 6.27 6.84 2.52 6.51 2.80
Eu 1.29 1.43 2.45 1.26 1.18 1.34 1.58 1.30 1.35 0.70 1.57 0.56
Gd 3.63 4.61 6.70 4.38 3.73 4.62 5.04 4.40 5.16 2.39 5.50 2.38
Tb 0.44 0.65 0.91 0.61 0.48 0.60 0.68 0.54 0.69 0.37 0.72 0.32
Dy 2.26 3.61 4.83 3.49 2.53 3.25 3.65 2.82 3.60 2.12 3.75 1.78
Ho 0.43 0.68 0.90 0.70 0.45 0.59 0.67 0.52 0.66 0.43 0.70 0.33
Er 1.17 1.76 2.25 1.85 1.23 1.51 1.77 1.32 1.68 1.12 1.79 0.89
Tm 0.18 0.25 0.33 0.27 0.19 0.23 0.26 0.20 0.24 0.17 0.26 0.13
Yb 1.21 1.61 2.11 1.67 1.29 1.42 1.67 1.28 1.48 1.10 1.70 0.90
Lu 0.19 0.23 0.31 0.25 0.19 0.21 0.27 0.19 0.22 0.17 0.26 0.15
Y 13.6 18.7 25.3 20.6 12.4 16.2 19.7 15.1 19.2 12.4 19.7 9.54
496 J.-L. Chen et al. / Gondwana Research 26 (2014) 492–504Ni correlate negatively with SiO2. Most of the samples have relatively
high MgO (N1.6 wt.%), Mg# (N40), and Al2O3 (N14 wt.%) (Fig. 4).
Chondrite-normalized REE patterns for all samples (Fig. 6a, b)
show clear fractionation between light REE (LREE) and heavy
REE (HREE), and there are no signiﬁcant negative Eu anomalies. A
primitive mantle-normalized trace-element spider diagram for all
samples (Fig. 6c, d) shows strong enrichment in LILEs (e.g., Rb,
Th, and U) relative to the HFSEs, and pronounced negative Nb–Ta–
Ti anomalies. Samples from both the eastern and western parts of
the Zhongdian arc have similar concentrations and distributed
patterns.
The Sr–Nd isotopic data (Table 2), combined with previously
published data, show that the samples from the western part of
the Zhongdian arc are very similar to those from the eastern part,
so that all of them, for example, have low εNd(t) values (eastern,
−2.2 to −5.4; western, −1.4 to −4.0) (Fig. 7) and high (87Sr/86Sr)i
ratios (eastern, 0.70444 to 0.70730, except for 0.70800 in one sample;
western, 0.70546 to 0.70700). These data indicate, therefore, that all
these porphyritic rocks from the western and eastern parts of the
Zhongdian arc probably have the same source (B.Q. Wang et al., 2011).5. Discussion
5.1. Age of the porphyritic rocks in the Zhongdian arc
Previous studies had considered that the eastern and western
Zhongdian arc porphyritic rocks formed at different times, based largely
on K–Ar and Rb–Sr isotope geochronology (e.g., Zeng et al., 2006; Li
et al., 2011). However, these intrusions have undergone extensive
hydrothermal alteration (e.g., Hou et al., 2004; Zeng et al., 2006; Hou
et al., 2007; Chen et al., 2008; Li et al., 2011) to which K–Ar and Rb–Sr
isotope systems are susceptible, meaning that such dates must be
interpreted with caution. Recent and ongoing in-depth studies of the
porphyritic intrusions and associated Cu deposits in the Zhongdian arc
have produced a large amount of high-quality geochronological data
(Table 3), particularly zircon U–Pb ages (e.g., Zeng et al., 2003, 2006;
Lin et al., 2006; Leng et al., 2008; Cao et al., 2009; Pang et al., 2009;
Zhang et al., 2009; B.Q. Wang et al., 2011; Ren et al., 2011; Yang et al.,
2011; Zou, 2011; Huang et al., 2012).
Zircon U–Pb ages from our study, combined with previous data on
the porphyritic rocks of the Zhongdian arc, show that magmatism was
Fig. 3. Plot of Zr/TiO2 vs. SiO2 (Winchester and Floyd, 1977). Data sources: porphyritic
rocks in eastern part of Zhongdian arc, Zeng et al. (2006), Leng et al. (2007), Cao et al.
(2009), Li (2009), Pang et al. (2009), Ren (2011), B.Q. Wang et al. (2011), and this
study; porphyritic rocks in western part of Zhongdian arc, Leng et al. (2007), B.Q. Wang
et al. (2011), Zou (2011), Dong et al. (2012), and this study.
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results demonstrates that magmatic activity was concentrated in the
period from 221 to 211 Ma, with a peak at 217–215 Ma (Cao et al.,
2009; Ren, 2011; Ren et al., 2011; Dong et al., 2012) (Fig. 8), and this
is consistent with the subduction-related magmatic events in the entire
Yidun arc that are dated at 215 Ma (e.g., Hou et al., 2001). These dating
results, combined with the very similar geochemical characteristics of
the western and eastern porphyritic rocks of the Zhongdian arc (B.Q.
Wang et al., 2011) and the 213 Ma Re–Os ages for molybdenite in the
ore-bearing porphyry (e.g., Li et al., 2011), imply that the porphyritic
intrusions and associated volcanic rocks were most likely the products
of the same tectonic magmatic event (e.g., Ren et al., 2011; Dong et al.,
2012).
5.2. Petrogenesis
5.2.1. Origin of the normal arc rocks
Normal arc volcanic magmas are produced by partial melting of the
mantle wedge and then evolve by crystal fractionation (with or without
assimilation and magma mixing) to more silicic magmas, forming rock
suites that include basalt, andesite, dacite, and rhyolite (Miyashiro,
1974; Annen et al., 2006; Streck et al., 2007; Straub et al., 2012). In addi-
tion, Richards and Kerrich (2007) proposed that the porphyry deposits
are the evolved products of extensive crustal-level processing (such
as melting–assimilation–storage–homogenization processes [MASH])
of calc-alkaline basalt–andesite–dacite–rhyolite magmas. The normal
arc rocks in the Zhongdian arc, as analyzed here, have low εNd(t) values
(e.g., −2.3 and −4.0 for samples LNTB and LNTY, respectively), high
(87Sr/86Sr)i ratios (e.g., 0.70595 and 0.70603 for samples LNTB and
LNTY, respectively) (Table 2; Fig. 7), and relatively high MgO contents
(e.g., 4.1 wt.% for sample LNTB) and Mg# ( e.g., 46 for sample LNTB)
(Table 1), suggesting that they probably resulted from partial melting
of an enriched mantle wedge metasomatized by subducted-derived
ﬂuids and sediments (e.g., the Lannitang andesite), and/or evolved
from the mantle-derived maﬁc magmas.
5.2.2. Origin of the porphyritic rocks with adakitic afﬁnities
Major and trace element data for someporphyritic intrusive and vol-
canic rocks from the Zhongdian arc indicate that the rocks have adakitic
afﬁnities (e.g., B.Q. Wang et al., 2011). For example, they are intermedi-
ate to silicic in composition (SiO2 ≥ 56 wt.%), and have high Al2O3(N14 wt.%) and low MgO (b5.0 wt.%). These characteristics, combined
with high Sr concentrations, low heavy rare earth element (HREE) and
Y contents, relatively moderate Sr/Y and LREE/HREE (La/Yb) ratios,
and the lack of an obvious negative Eu anomaly, are distinctive features
of adakites in subduction zone settings (Defant and Drummond, 1990;
Kay andKay, 1993; Castillo et al., 1999; Castillo, 2012) (Fig. 9). However,
the geochemical characteristics of most samples differ from those of
adakites or adakitic rocks, instead corresponding to normal arc volcanic
rocks, with high Y concentrations and low La/Yb ratios (Defant and
Drummond, 1990; Castillo et al., 1999) (Fig. 9).
Several geneticmodels have been proposed for the origin of adakites
and adakitic rocks: (1) partialmelting of a young, hot, subducted ocean-
ic slab within the garnet stability ﬁeld (Defant and Drummond, 1990;
Martin et al., 2005); (2) crustal assimilation and fractional crystalliza-
tion (AFC) of parental magmas of basaltic composition (Castillo et al.,
1999; Richards and Kerrich, 2007); (3) partial melting of underplated
or thickened crust (Atherton and Petford, 1993; Xiong et al., 2005);
and (4) partial melting of delaminated lower crust (Kay and Kay,
1993; Xu et al., 2002; Gao et al., 2004).
As mentioned above, some of porphyritic rocks in the Zhongdian arc
have an adakitic geochemical afﬁnity. However, a crustal assimilation
and fractional crystallization (AFC) model for their origin is inconsistent
with the following evidence: (1) the absence of signiﬁcant negative Eu
anomalies (Fig. 6a and b); (2) data on plots of La versus La/Sm and La
versus. La/Yb are more consistent with partial melting effects (Fig. 10);
and (3) the lack of a relationship between 87Sr/86Sr and 1000/Sr implies
no signiﬁcant crustal contamination (ﬁgure not shown). Therefore, the
adakitic porphyritic rocks in the Zhongdian arc cannot be the product
of an AFC process.
Experimental results imply that melts from basaltic lower crust are
characterized by low Mg# (b40), regardless of the degree of partial
melting, and that melts with Mg# N 40 can only be generated with
the involvement of a mantle component (Rapp and Watson, 1995).
Most of our samples have relatively high MgO contents (N1.6 wt.%)
and Mg# values (N40), and combined with the arc-like geochemical
features of all the samples (e.g., B.Q. Wang et al., 2011) (Fig. 6), this
rules out the possibility that the Zhongdian arc adakitic rocks were de-
rived from underplated or thickened crust, or from delaminated lower
continental crust.
The adakitic rocks have been suggested to have formed by the west-
ward subduction of the Garze–Litang oceanic crust in the Late Triassic
and, in this model, are presumed to have resulted from partial melting
of a young and hot subducted oceanic slab. However, in the case of the
Zhongdian arc, subduction of a young and hot oceanic slab can be
excluded as a possibility because the Garze–Litang ocean underwent
spreading during the Permian (e.g., Hou et al., 1995; Yan et al., 2005).
Notably, the adakitic rocks in our study have low εNd(t) values (−1.4
to−5.4), variable 87Sr/86Sri ratios (0.70444 to 0.70700), and are isotopi-
cally similar to marine sediments (Fig. 7), which clearly distinguish
them from adakites derived by partial melting of a young and hot
subducted oceanic slab.
Compared with typical adakites, the porphyritic rockswe have stud-
ied have only moderate Sr/Y and LREE/HREE (e.g., La/Yb) ratios and,
thus, plot into the transitional region between adakites and normal arc
rocks. These transitional adakitic characteristics of our samples identify
some additional secondary input that might be from: (1) the under-
plated maﬁc melts that have experienced MASH processes in or below
the lower crust (e.g., Richards and Kerrich, 2007); or (2) slab melts of
subducting oceanic crust (Yogodzinksi et al., 1994, 1995) where garnet
was a residue phase.
Therefore, the parental magmas of the porphyritic intrusions and
associated volcanic rocks we have studied were probably generated
by partial melting of an enriched mantle wedge metasomatized by
subducted ﬂuids and sediments, and produced andesitic magma with
high MgO and Mg# (Fig. 4). Some of these melts probably interacted
or mixed with melts from underplated maﬁc material that experienced
Fig. 4. Harker diagrams of major element concentrations vs. SiO2 for porphyritic rocks in the Zhongdian arc. The plots of SiO2 vs. MgO (e) and SiO2 vs. Mg# (f) are based on Huang et al.
(2009) and Q. Wang et al. (2011). Data sources and symbols are as in Fig. 3.
Fig. 5. Plots of SiO2 vs. Cr and SiO2 vs. Ni for porphyritic rocks in the Zhongdian arc. Data sources and symbols are as in Fig. 3.
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Fig. 6. Chondrite-normalized REE (a) and (b) and multi-element patterns normalized to primitive mantle (c) and (d) for porphyritic rocks in the Zhongdian arc. Normalizing values are
from Sun and McDonough (1989). Xiaxiaoliu basalt data are from Ren (2011) and other data sources are as in Fig. 3).
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the formation of normal arc volcanic rocks and adakitic porphyritic
rocks, respectively. This proposed scenario is based on the following ev-
idence: (1) the samples have relatively low εNd(t) values, variable initial
87Sr/86Sr ratios, high Th/Nb (N0.55) and Th/La (N0.2) ratios, and relative-
ly high MgO contents and Mg# values (Figs. 3 and 7); (2) data for the
samples plot into the transitional region between adakites and normal
arc rocks; and (3) the adakitic porphyritic rocks and associated normal
arc rocks show a similar compositional evolutionary trend, implying a
genetic relationship (Fig. 9).
In conclusion,we propose that the parentalmagmas of the porphyritic
rocks in the Zhongdian arc aremost likely the result of Late Triassic partialTable 2
Results of Sr–Nd isotope analyses of porphyry intrusions and volcanic rocks in Zhongdian arc.
Sample CD-1 LNTA LNTB LNT-Y
Age (Ma) 215.0 216.7
Rb (ppm) 109 53.2 3.26 56.8
Sr (ppm) 293 1115 2410 214
87Rb/86Sr 1.08021 0.13801 0.00391 0.76796
87Sr/86Sr 0.709036 0.706445 0.705961 0.708382
2σ 0.000006 0.000008 0.000008 0.000007
(87Sr/86Sr)i 0.705733 0.706023 0.705949 0.706034
Sm (ppm) 4.63 5.86 9.24 4.70
Nd (ppm) 30.6 33.8 56.3 26.7
147Sm/144Nd 0.10315 0.10474 0.09920 0.10628
143Nd/144Nd 0.512404 0.512369 0.512381 0.512304
2σ 0.000004 0.000004 0.000004 0.000005
(143Nd/144Nd)i 0.512259 0.512222 0.512241 0.512155
εNd(t) −2.00 −2.72 −2.34 −4.03
TDM(Ga) 1.03 1.09 1.03 1.20melting of an enriched mantle wedge metasomatized by subducted
ﬂuids and sediments, and some of these melts interacted and mixed
with the melts from underplated maﬁc material that had experienced
MASH processes beneath the lower crust (normal arc rocks) and/or
from the subducting oceanic slab (adakitic rocks).
5.3. Regional tectonic evolution
It is generally accepted that the Triassic Yidun arc resulted from
westward subduction of the Garze–Litang oceanic crust, and this pre-
served a well-developed trench–arc–basin system (Hou, 1993; Hou
et al., 1995, 2001, 2007). However, different settings were present inXJPA HSB PL-01 PL-03 PL-06
215.9 213.4 211.8 217.2 215.3
87.6 52.8 65.5 59.4 249
392 1301 877 1043 396
0.64590 0.11735 0.21612 0.16475 1.81665
0.707431 0.706265 0.70527 0.706241 0.711296
0.000007 0.000006 0.000007 0.000008 0.000006
0.705456 0.705906 0.704609 0.705738 0.705741
5.19 7.08 2.52 6.51 2.80
30.8 43.7 12.1 31.5 13.9
0.10178 0.09791 0.12574 0.12508 0.12134
0.512431 0.512368 0.512415 0.51242 0.512386
0.000009 0.000004 0.000004 0.000008 0.000004
0.512288 0.51223 0.512238 0.512244 0.512215
−1.43 −2.55 −2.40 −2.29 −2.85
0.98 1.03 1.28 1.26 1.26
Fig. 7. (87Sr/86Sr)i vs. εNd(t) diagram for porphyritic rocks and basalt in the Zhongdian arc.
Data sources are as follows: basalt of Xiaxiaoliu fromRen (2011); Late Permianmaﬁc rocks
in the Songpan–Ganzi and western Yangtze Craton are fromWang et al. (2008a); Triassic
high-Mg andesite and dacite in northern Hohxil from Q. Wang et al. (2011); the data for
marine sediments are from Plank and Langmuir (1998), and other data sources and sym-
bols are as in Fig. 3.
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ences in the slab subduction angle (steep in the north and shallow in
the south: Hou et al., 2004, 2007). These differences in subduction
angle led to the formation of adakitic rocks, porphyry deposits, and an
inactive back-arc spreading basin in the southern Zhongdian segment
(Ye et al., 1992; Hou et al., 1995), and the formation of an intra-arc rift
zone that developed a volcanic arc and back-arc basin in the northernTable 3
Summary of zircon U–Pb and Ar–Ar dating results of Zhongdian arc porphyritic intrusions and
Location Lithology Dating mineral
Eastern of Zhongdian arc
Songnuo Quartz monzonite Zircon
Langdou Monzogranite Biotite
Pulang Quartz monzonite Zircon
Pulang Quartz monzonite Zircon
Pulang Quartz monzonite Zircon
Pulang Quartz monzonite Biotite
Pulang Quartz monzonite Biotite
Pulang Quartz diorite Zircon
Pulang Quartz diorite Zircon
Pulang Granodiorite Zircon
Pulang Quartz diorite Zircon
Pulang Quartz diorite Zircon
Pulang Quartz diorite Zircon
Pulang Quartz diorite Zircon
Pulang Quartz diorite Zircon
Qiansui Quartz diorite Zircon
Hongshan Quartz diorite Zircon
Hongshan Andesite Zircon
Western of Zhongdian arc
Xuejiping Quartz diorite Zircon
Xuejiping Quartz diorite Zircon
Xuejiping Quartz diorite Zircon
Xuejiping Quartz monzonite Zircon
Xuejiping Quartz monzonite Zircon
Chundou Quartz diorite Zircon




Chundou Quartz monzonite Zircon
Chundou Quartz monzonite Zircon
Chundou Quartz monzonite Zircon
Pingdong Quartz diorite Zircon
Disuga Quartz diorite Zircon
Disuga Andesite Zircon
Lannitang Quartz monzonite ZirconChangtai segment (Hou, 1993; Hou and Mo, 1993; Hou et al., 2004,
2007).
On the basis of this regional tectonic model, Zeng et al. (2004, 2006),
Li (2007), and Li et al. (2011) suggested that the adakitic rocks and asso-
ciated ore-bearing porphyries in the Zhongdian arc can be divided into
eastern and western belts in terms of their Rb–Sr, K–Ar, and Ar–Ar
ages, and the major element chemistry of the porphyries. These studies
proposed that thewestern and eastern porphyritic beltswere developed
during the periods from249 to 238 Ma and from218 to 203 Ma, respec-
tively, and that they resulted from an early period of westward subduc-
tion followed by a later eastward retracement of the Garze–Litang
oceanic crust. As described above, the Zhongdian arc porphyries have
experienced variable degrees of alteration, which renders the K–Ar
and Rb–Sr isotope systems unsuitable for accurate dating of these
rocks. Our compilation of U–Pb zircon ages for the Zhongdian arc
porphyritic intrusions and associated volcanic rocks, as well as a small
number of Ar–Ar ages, shows that they mainly formed in the period
from 221 to 211 Ma, with a peak of activity at 217–215 Ma (Table 3).
In addition, our data show that themajor and trace element characteris-
tics of the Zhongdian arc are broadly similar throughout the entire re-
gion (Figs. 3–6).
Recently, Q.Wang et al. (2011) suggested that formation of the early
(~230–218 Ma) and late (~215 Ma) adakitic magmatism could be
attributed to ﬂat westward subduction and a subsequent break-off of
the Garze–Litang oceanic slab. If the early adakitic rocks are the result
of such ﬂat westward subduction, then their ages should young from
east to west. However, a small number of the earliest porphyries in
both the eastern and western parts of the Zhongdian arc formed over
the same period from 230 to 218 Ma (Table 3; Fig. 8). In summary,
the eastern and western porphyries, and related deposits in thevolcanic rocks.
Methodology Age (Ma) Source
SHRIMP U–Pb 220.9 ± 3.5 Leng et al. (2008)
Ar–Ar 216.9 ± 4.3 Zeng et al. (2003)
SHRIMP U–Pb 226.3 ± 2.8 S.X. Wang et al. (2008)
SHRIMP U–Pb 228.3 ± 3.0 S.X. Wang et al. (2008)
SHRIMP U–Pb 226.0 ± 3.0 S.X. Wang et al. (2008)
Ar–Ar 216.0 ± 1.0 Zeng et al. (2006)
Ar–Ar 214.6 ± 0.9 Zeng et al. (2006)
TIMS 221.0 ± 1.0 Pang et al. (2009)
TIMS 211.8 ± 0.5 Pang et al. (2009)
TIMS 206.3 ± 1.7 Pang et al. (2009)
LA-ICP-MS 224.2 ± 1.7 B.Q. Wang et al. (2011)
LA-ICP-MS 217.9 ± 1.8 B.Q. Wang et al. (2011)
LA-ICP-MS 217.2 ± 1.4 This study
LA-ICP-MS 215.3 ± 1.4 This study
LA-ICP-MS 211.8 ± 1.9 This study
LA-ICP-MS 217.5 ± 1.5 Ren et al. (2011)
LA-ICP-MS 216.1 ± 3.2 Huang et al. (2012)
LA-ICP-MS 213.4 ± 2.2 This study
SHRIMP U–Pb 215.3 ± 2.3 Lin et al. (2006)
LA-ICP-MS U–Pb 217.9 ± 1.8 B.Q. Wang et al. (2011)
SHRIMP U–Pb 215.2 ± 1.9 Cao et al. (2009)
LA-ICP-MS U–Pb 213.4 ± 1.5 Ren et al. (2011)
LA-ICP-MS U–Pb 215.9 ± 1.4 This study
LA-ICP-MS U–Pb 217.5 ± 1.9 Zou (2011)
LA-ICP-MS U–Pb 217.3 ± 1.8 Zou (2011)
LA-ICP-MS U–Pb 212.0 ± 3.0 Yang et al. (2011)
LA-ICP-MS U–Pb 217.0 ± 2.0 Yang et al. (2011)
LA-ICP-MS U–Pb 218.0 ± 2.0 Yang et al. (2011)
SIMS 219.7 ± 1.8 Zhang et al. (2009)
LA-ICP-MS U–Pb 215.3 ± 2.7 This study
LA-ICP-MS U–Pb 213.1 ± 1.5 This study
LA-ICP-MS U–Pb 230.3 ± 1.7 B.Q. Wang et al. (2011)
LA-ICP-MS U–Pb 219.8 ± 3.0 B.Q. Wang et al. (2011)
LA-ICP-MS U–Pb 220.7 ± 2.0 B.Q. Wang et al. (2011)
LA-ICP-MS U–Pb 216.7 ± 1.2 This study
Fig. 8.Age distribution of Late Triassicmagmatism in the Zhongdian arc, the southern part
of the Yidun arc, eastern Tibet. Data sources are from Zeng et al. (2003, 2006), Lin et al.
(2006), Leng et al. (2008), Cao et al. (2009), Pang et al. (2009), Zhang et al. (2009), Ren
et al. (2011), B.Q. Wang et al. (2011), Yang et al. (2011), Zou (2011), Huang et al.
(2012), and this study.
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veloped during the period from 217 to 215 Ma, and this implies that
they probably resulted from the same tectonic and magmatic event.
As such, our newdating results and geochemical data for theporphyritic
rocks, along with previous studies (Zeng et al., 2006; Leng et al., 2007;
Cao et al., 2009; Li, 2009; Pang et al., 2009; B.Q. Wang et al., 2011;
Ren, 2011; Ren et al., 2011; Zou, 2011; Dong et al., 2012; Huang et al.,
2012), led us to suggest that the porphyries and associated volcanic
rocks in the Zhongdian arc were produced as a result of slab break-off
or slab-tearing of the westward subducting Garze–Litang oceanic crust
in the Late Triassic. This interpretation is consistent with the identiﬁca-
tion of a contemporaneous basalt that is akin to enriched mid-ocean
ridge basalt (E-MORB; e.g., high εNd(t) (Fig. 7); high Nb/La N1.0 and
Nb/U N40) (Hofmann, 1997) in theXiaxiaoliu area located in themiddle
of the Zhongdian arc (Ren, 2011).
Following separation of the Garze–Litang oceanic basin from the
western margin of the Yangtze Craton in the Permian (Hou et al.,
1995; Yan et al., 2005; Hou et al., 2007), low-angle subduction of the
Garze–Litang oceanic crust took place below the Zhongdian arc (south-
ern Yidun arc) (Hou et al., 2001, 2004, 2007), and the subducting crust
eventually broke off or was torn in the Late Triassic, causing astheno-
spheric upwelling under the Zhongdian arc. This led to the formation
of the porphyritic rocks and associated porphyry deposits as follows:
(1) the development of widespread NNW–SSE-striking regional faultsFig. 9. Plots of Sr/Y vs. Y (after Drummond and Defant (1990) and Martin (1986)) and (La/Yb)N
the ﬁelds for adakite and arc intermediate-felsic rocks. Data sources are as in Fig. 3.(e.g., Tan et al., 2005; Fan and Li, 2006), which controlled the emplace-
ment of the porphyritic intrusions and volcanic rocks and their associat-
ed ores; (2) decompression melting of the upwelling asthenospheric
mantle, resulting in the formation of basalts with E-MORB characteris-
tics in the Xiaxiaoliu area (Ren, 2011); and (3) partial melting of
the mantle wedge metasomatized by subducted ﬂuids and sediments,
and some of these melts interacted or mixed with the melts from
underplated maﬁc material that had experienced MASH processes in
or below the lower crust and/or from subducting oceanic crust.
5.4. Implications for the porphyry Cu mineralization
Recent studies have highlighted the genetic relationship between
adakitic magmas and porphyry Cu deposits (e.g., Thieblemont et al.,
1997; Sajona and Maury, 1998; Defant and Kepezhinskas, 2001;
Oyarzun et al., 2001; Mungall, 2002; Wang et al., 2008b). However,
Richards and Kerrich (2007) proposed that adakitic rocks associated
with porphyry Cu deposits are the evolved products of extensive
crustal-level processing (such as MASH processes) of calc-alkaline ba-
salt–andesite–dacite–rhyolite magmas (Richards et al., 2012; Castillo,
2012). The widely developed Late Triassic porphyry Cu deposits
associated with the porphyritic rocks with adakitic afﬁnity and normal
arc rocks in the Zhongdian arc provide an ideal opportunity to test the
relationship between porphyry Cu deposits and adakitic magmas.
Given that the porphyritic rocks with adakitic afﬁnity and normal
arc rocks have the same formation ages, low εNd(t) values, and high
(87Sr/86Sr)i ratios, the porphyry Cu mineralization in the present
study area most likely to originate from the enriched mantle wedge
metasomatized by subduction-derived ﬂuids and sediments. The
subduction-derived ﬂuids and sediments not only provide the volatile
components (H2O and Cl) (e.g., Mungall, 2002; Wang et al., 2008b),
but also control the high oxygen fugacity (fO2) (e.g., Ballard et al.,
2002; Mungall, 2002; Wang et al., 2008b), which makes calc-alkaline
magmas favorable for developing porphyry Cu mineralization above
subduction zones (Richards and Kerrich, 2007; Richard, 2009). There-
fore, interaction and/ormixing ofmelts from themetasomatizedmantle
wedge and the underplated maﬁc material that had experienced MASH
processes and/or from the subducting oceanic crust, probably led to the
formation of porphyritic rocks and associated Cu porphyry deposits.
6. Conclusions
(1) The Late Triassic porphyritic intrusive and extrusive rocks in the
Zhongdian arc show transitional geochemical characteristics
between adakitic and normal arc rocks.
(2) The widely distributed porphyritic intrusive and extrusive rocks
were formed mainly between 223 and 211 Ma, with a peak ofvs. YbN (after Defant and Drummond (1990) and Petford and Atherton (1996)), showing
Fig. 10. Plots of La vs. La/Sm (a) and La vs. La/Yb (b) (after Chung et al., 2009) for porphyritic rocks in the Zhongdian arc (data sources and symbols are as in Fig. 3.).
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in both the eastern andwestern parts of the Zhongdian arc, indi-
cating that they were probably generated during the same tec-
tonic event.
(3) This volcanism in the Zhongdian arc probably resulted from slab
break-off or slab-tearing of the westward subducting Garze–
Litang oceanic crust in the Late Triassic. The parental magmas
of the porphyritic rocks were probably produced by the partial
melting of a metasomatized mantle wedge, and some of these
magmas interacted or mixed with melts from underplated
maﬁc material that had experienced MASH processes in or
below the lower crust and/or melts from the oceanic slab.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2013.07.022.
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